The frequencies at which vegetative cells and spores of Clostridium botulinum strains 56A, 62A, 17409A, 25763A, 213B, B-aphis, and 169B formed colonies on agar media containing 0, 10 2 , 10 3 , and 10 4 IU of nisin per ml at 30°C were determined. Strain 56A had the highest frequencies of nisin resistance, while strains 62A, 169B, and B-aphis had the lowest. For most strains, spores were more resistant than vegetative cells. One exposure to nisin was sufficient to generate stable nisin-resistant isolates in some strains. Stepwise exposure to increasing concentrations of nisin generated stable resistant isolates from all strains. Spores produced from nisinresistant isolates maintained their nisin resistance. The frequency of spontaneous nisin resistance was reduced considerably by lowering the pH of the media and adding 3% NaCl. Nisin-resistant isolates of strains 56A and 169B also had increased resistance to pediocin PA1, bavaricin MN, plantaricin BN, and leuconocin S.
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Clostridium botulinum, an anaerobic sporeformer ubiquitous worldwide causes serious food poisoning associated with meats, fish, and vegetables. Thermal processing is the most frequent treatment used to inactivate vegetative cells and spores, making botulism poisoning rare in commercially canned food (20) . However, high heat treatments can unfavorably modify the texture, organoleptic quality, and nutritive properties of food. Since nonproteolytic strains can grow and produce toxin at refrigeration temperatures (3 to 4°C) (38, 39) , the new market of minimally processed, refrigerated, vacuumpacked foods may pose a botulism hazard. In fact, our laboratory has demonstrated the production of botulinal toxin in sous vide beef held at refrigeration temperatures (4) .
Bacteriocins, antimicrobial peptides that inhibit the growth of a broad spectrum of gram-positive microorganisms, offer a natural alternative as biopreservatives for safeguarding minimally processed foods (5) . Nisin, a bacteriocin produced by some strains of Lactococcus lactis, has received much attention as a natural preservative in foods that only receive a mild preservation treatment. Nisin's efficacy in preventing C. botulinum spore outgrowth and toxin formation has been demonstrated (40, 41) . Nisin is being used in more than 40 countries. In the United States, nisin has a generally-recognized-as-safe (GRAS) application to inhibit C. botulinum spore outgrowth and toxin formation in certain pasteurized cheese spreads (8) . Moreover, it can be used as an antimicrobial agent in reducedcholesterol liquid whole eggs and in sauces and nonstandardized salad dressings (9, 10) . Nisin sensitivity varies greatly among C. botulinum strains (29, 36) . Growth conditions and food components also affect nisin's effectiveness. Factors decreasing nisin's ability to inhibit C. botulinum growth include low acid environment, short heat-shocking periods, high spore load, high protein and phospholipid concentrations, and increased incubation temperature (34, 37) .
Many reports have suggested that the ultimate failure of bacteriocin-based preservation systems is due to the eventual growth of nisin-resistant (Nis r ) strains (14, 27, 30) . Nisin-resistant isolates of Listeria monocytogenes, Bacillus subtilis, Bacillus licheniformis, Bacillus cereus, and Staphylococcus aureus have been generated (13, 18, 19, 25, 27) . There is evidence that changes in fatty acid composition are responsible for nisin resistance in L. monocytogenes (25, 27) , but nothing is known about the frequency and mechanism of nisin resistance in C. botulinum. This information, as well as an understanding of the factors that prevent the formation of the nisin-resistant strains, is essential for developing strategies to minimize the botulism hazard in nisin-preserved foods. The purpose of this study was to investigate the spontaneous nisin resistance frequencies of C. botulinum strains from spore and vegetative cell inocula, the stability of the nisin-resistant isolates, and the influence of combined pH and NaCl in the management of nisin resistance.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The C. botulinum strains used were proteolytic type 56A, 17409A, 62A, 25763A, 213B, B-aphis, and 169B. Stock cultures of vegetative cells were maintained at 4°C in reduced cooked meat medium (Difco Laboratories, Detroit, Mich.). Spores were prepared by the biphasic method (1) and maintained at Ϫ80°C as spore suspensions (10 8 to 10 9 spores/ml). Spores were heat shocked for 10 min at 80°C immediately prior to use. Spores were stained with crystal violet (7) and examined under phasecontrast microscopy to distinguish the presence of exosporium. For plating experiments, vegetative cells were prepared by inoculation of 50 l of spores or vegetative cells into 10 ml of brain heart infusion (BHI) broth (Difco), incubation overnight at 30°C, transfer to 200 ml of BHI broth, and another incubation overnight. The 200-ml culture was centrifuged, and the pellet was resuspended in 10 ml of 0.1% peptone water to yield approximately 10 9 cells/ml. L. lactis ATCC 21053, L. lactis ATCC 11454, Lactobacillus sake MN, Lactobacillus plantarum BN, Leuconostoc paramesenteroides OX, and Pediococcus acidilactici PAC1.0 were grown in Lactobacilli MRS broth (Difco) at 30°C and maintained as stabs by addition of 1.5% Bacto-Agar (Difco) to the broth. Stab cultures were kept at 4°C. In all of the experiments, culture handling and incubation involving C. botulinum were done in an anaerobic chamber (Coy Laboratory Products, Inc., Grass Lake, Mich.) with an atmosphere of 5% H 2 , 10% CO 2 , and 85% N 2 .
Assessment of nisin resistance frequencies. The ability of spores or vegetative cells to form colonies was determined on BHI agar (Difco) with 0.01% (wt/vol) resazurin (Sigma Chemical Company, St. Louis, Mo.) and 0.05% cysteine-HCl (Sigma). The pH was adjusted to 5.5 or 6.5 with 5 N HCl (Fisher Scientific Company, Pittsburgh, Pa.), and NaCl (Fisher) was added at 0 or 3% prior to autoclaving. A nisin preparation (Sigma) was dissolved in 0.02 N HCl with 0.75% NaCl (pH 2), autoclaved separately, and aseptically added to the sterile media to yield nisin concentrations of 10 2 , 10 3 , or 10 4 IU/ml. Media which did not contain nisin were prepared with an equal volume of nisin diluent. Plates spread plated with either vegetative cells or spores were incubated at 30°C. The frequency of nisin resistance was calculated as N (the CFU/ml at a given nisin concentration) divided by N 0 (the CFU/ml in the absence of nisin at pH 7 and no added NaCl) and expressed as log (N/N 0 ). An analysis of variance comparing the results (in triplicate) of the plating experiments was carried out with a general linear model procedure at the 95% confidence interval with the SAS program (SAS Institute, Inc., Cary, N.C.).
Stability of nisin resistance phenotype. To determine the stability of nisin resistance, spores or vegetative cells were generated from colonies that formed in the presence of 10 4 IU of nisin per ml at pH 6.5 (0% added NaCl). The frequency of nisin resistance for these clones on plates containing nisin was determined as described above. Nis r strains were also obtained by sequential transfer through BHI broth containing increasing concentrations of nisin. Briefly, 50-l portions of wild-type overnight cultures of the C. botulinum strains studied were inoculated individually into 10 ml of BHI broth containing 10 2 IU of nisin per ml. When growth was detected (by gas accumulation in inverted Durham tubes), 100 l was transferred to broth containing approximately double the nisin concentration. The cultures were transferred in this fashion until the nisin concentration was 5 ϫ 10 5 IU/ml. The frequency of nisin resistance in these strains was also determined as described above. Nis r vegetative cells were maintained in cooked meat medium containing 10 3 IU of nisin per ml, and spores from the Nis r isolates were generated and maintained as described above. The identity of nisin-resistant isolates as C. botulinum was confirmed by assaying for botulinal toxin by the enzyme-linked immunosorbent assay method of Dezfulian and Bartlett (6), modified by W. H. Lee (U.S. Department of Agriculture, Food Safety Inspection Service, Beltsville, Md.) as previously described (3) . Determination of bacteriocin cross-resistance. The sensitivity to bacteriocins produced by different lactic acid bacteria (LAB) was determined for wild-type and Nis r C. botulinum strains 56A and 169B. MRS and BHI agar were prepared with 2-(N-morpholino)-ethanesulfonate buffer (MES buffer [pH 6.5]) to neutralize lactic acid production. MRS agar was prepared from its components to contain 0.5% glucose. BHI agar was supplemented with 0.1% Tween 20 (Sigma). Aliquots (50 l) of overnight LAB cultures were dispensed on 6.8-mm-diameter wells made on a 15-ml MRS agar layer. After a 48-h incubation at 30°C under anaerobic conditions, 10 ml of tempered BHI agar containing 10 5 CFU of C. botulinum spores or vegetative cells per ml was overlaid, and plates were incubated overnight at 30°C. Inhibition zones around the LAB colonies were measured from the edge of the well to the end of the inhibition zone.
RESULTS
At pH 6.5 and with no NaCl added, colony formation by spores or the vegetative cells was not affected at nisin concentrations lower than or equal to 100 IU/ml (Fig. 1) . The frequency of colony formation in the presence of nisin varied among the strains. For most strains, the frequency of colony formation was higher when plating from spore inocula than when plating from a vegetative cell culture. Analysis of variance comparing the frequency of colony formation from spore inocula of all strains found that strain 56A spores were significantly more resistant to 10 4 IU of nisin per ml than the spores of all other strains studied. Spores of strains 169B and B-aphis were the most sensitive to 10 3 IU of nisin per ml. When plating from vegetative cell inocula, no significant differences in the sensitivity to nisin were found among any strains at the highest nisin concentration tested. However, at 10 3 IU of nisin per ml, strain 56A vegetative cells had a significantly higher frequency of colony formation, while strain 169B and 62A vegetative cells had the lowest frequency. Considering all the data from spores and vegetative cells of all the C. botulinum strains, a high concentration of nisin (10 4 IU/ml) was required to reduce the frequency of colony formation beyond 3 log cycles at pH 6.5 in the absence of added salt.
A pH reduction from 6.5 to 5.5 or addition of 3% NaCl reduced the frequency at which colonies were formed in the presence of nisin. The responses of strains 56A, 169B, 62A and B-aphis to combinations of these environmental conditions were analyzed at different nisin concentrations (Fig. 2) . Analysis of variance comparing the frequency of colony formation from different inocula (spores and vegetative cells), pHs (6.5 and 5.5), and NaCl concentrations (0 and 3%) found that the frequency of colony formation from spore inocula was lowered by nisin at pH 5.5 to a greater degree than by nisin in combination with 3% NaCl. On the other hand, nisin in combination with salt reduced the frequency of colony formation from vegetative cell inocula. Acidic conditions together with salt addition resulted in greater inhibition of colony formation by both spores and vegetative cells of all strains tested except for 56A. Under this condition, nisin concentrations of 10 3 or 10 4 IU/ml were required to reduce the emergence of nisin-resistant colonies of strain 56A to a frequency lower than 10
Ϫ6
. Spores of strain 62A were the most affected by low pH and salt in the absence of nisin, while vegetative cells of strain B-aphis were insensitive to these conditions (Fig. 2) .
To determine if the colonies formed on agar containing nisin were in fact nisin resistant as opposed to merely survivors of nisin exposure, individual colonies from media containing 10 4 IU of nisin per ml were transferred in nisin-free broth for approximately 40 generations and retested for nisin susceptibility on agar plates at pH 6.5 and with no salt. After one exposure to nisin, three of the five isolates obtained from strain 56A maintained the nisin resistance, while two isolates had a frequency of colony formation similar to that of the wild-type strain (Table 1) , and B-aphis spread plated from spore and vegetative cell inocula on BHI agar at different nisin concentrations combined with two levels of pH (6.5 and 5.5) and two concentrations of NaCl (0 and 3%). N, CFU per milliliter at a given nisin concentration; N 0 , CFU per milliliter in the absence of nisin at pH 7 and with no NaCl added.
for stable nisin-resistant C. botulinum strains, we transferred vegetative cell cultures of the strains through increasing nisin concentrations in BHI broth. Cultures that grew in broth containing up to 5 ϫ 10 5 IU of nisin per ml were generated for all strains. These maintained complete resistance to nisin through approximately 40 generations in media which did not contain nisin (Table 1) . Nisin-resistant 56A and 169B vegetative cells (Nis r vegetative cells) and the spores produced from them (Nis r spores) were plated at different nisin concentrations on agar at pH 6.5 and with 0% NaCl and agar at pH 5.5 and with 3% NaCl (Fig. 3) . At pH 6.5 in the absence of salt, Nis r spores and vegetative cells were significantly more resistant to all of the nisin concentrations than the wild-type spores and vegetative cells. At pH 5.5 and with NaCl added, the Nis r C. botulinum strain 56A had frequencies of nisin resistance two to four times higher than those of the wild-type strain. Strain 169B Nis r spores and vegetative cells formed nisin-resistant colonies at frequencies between 10 Ϫ2 to 10 Ϫ6 (depending on the nisin concentration), while no growth was encountered for the wildtype strain under the same conditions and at the same nisin concentrations (Fig. 3) .
The continuous exposure to nisin did not affect the toxicity of the Nis r strains, since toxin was detected in all of the supernatants (not shown). Examination of crystal violet-stained spores under phase-contrast microscopy revealed that the pro -FIG. 3 . Frequency of colony formation of C. botulinum 56A and 169B wild-type (WT) and Nis r strains spread plated from spore and vegetative cell inocula on BHI agar at pH 6.5 containing 0% NaCl and at pH 5.5 containing 3% NaCl, each supplemented with different nisin concentrations. N, CFU per milliliter at a given nisin concentration; N 0 , CFU per milliliter in the absence of nisin at pH 7 and with no NaCl added. a Resistance is shown for the C. botulinum 56A and 169B wild-type strains, five isolates of each strain derived from different colonies formed on agar containing 10 4 IU of nisin per ml, and Nis r strains obtained after sequential transfer through increasing nisin concentrations.
b Nisin resistance is given as log (N/N 0 ), where N is the number of colonies formed in the presence of 10 4 IU of nisin per ml and N 0 is the number of total colonies formed in the absence of nisin.
portion of nisin-resistant spores containing an exosporium layer was equal to that found in wild-type spores (approximately 99% of the spores).
To determine if resistance to nisin conferred resistance to other bacteriocins, lawns containing wild-type and Nis r spores or vegetative cells were overlaid individually on top of LAB colonies as described in Materials and Methods. The activity of bacteriocin-producing LAB on C. botulinum 56A and 169B is shown in Table 2 . No clear zones were formed around the bacteriocin nonproducer L. lactis ATCC 21053. This indicated that the inhibition in the overlay plates around the other LAB was not caused by acid production but by bacteriocin inhibition. The results suggest that nisin-resistant strains were also resistant to other bacteriocin-producing LAB.
DISCUSSION
C. botulinum is relatively nisin insensitive (16) . A 100-foldhigher nisin concentration is required to inhibit C. botulinum by a 3-to 7-log 10 reduction compared to other nisin-sensitive species (2, 13, 15, 19) . In the United States, a maximum of 10 4 IU of nisin per ml is allowed for use in certain foods (8) . At this concentration, nisin alone may effectively inhibit the growth of sensitive pathogens, including spores of Bacillus species. However, since nisin is sporostatic rather than sporocidal (24), nisin-based preservation systems could fail as a result of timedependent loss of nisin activity, permitting C. botulinum spores to undergo outgrowth, become vegetative cells, and produce toxin (34) .
The emergence of nisin-resistant microorganisms is a major concern in nisin-preserved, minimally processed foods. A continuous and broader use of nisin as a food preservative may compromise the food safety of products because of the selection of nisin-resistant pathogens. Current and new GRAS petitions for the use of nisin as an antimicrobial in different products may compromise nisin's efficacy if the occurrence of nisin resistance is not managed correctly. Combined preservation systems exert a high level of stress on microorganisms. Consequently, the use of multiple hurdle systems to inhibit the growth of foodborne pathogens and spoilage organisms is considered the key to future preservation systems (11, 31) . Acidification and low water activity are widely used to control microbial growth in food products. How low the pH of a food should be to inhibit germination and outgrowth of C. botulinum spores depends on the food components, but in all cases, no spore outgrowth occurs below pH 4.6 (17) . In our study, nisin at a level of 10 4 IU/ml in combination with pH 5.5 lowered the nisin resistance frequencies of the strains studied to less than 10
Ϫ6
. On the other hand, NaCl is the most common humectant used in foods to lower water activity (26) . When used alone, 10% NaCl is required to inhibit proteolytic strains of C. botulinum (33) . In combination with 3% NaCl, 10 4 IU of nisin per ml inhibited colony formation by strains 169B, 62A, and B-aphis to frequencies of less than 10
. It was necessary to combine high nisin concentrations with 3% NaCl and pH 5.5 to reduce the frequency of nisin-resistant colonies to below 10 Ϫ8 for all strains. These conditions greatly reduce the development of spontaneous C. botulinum nisin-resistant isolates.
The results obtained when the frequency of nisin resistance of isolates after one exposure to nisin is reexamined (Table 1) suggest that nisin resistance is a complex phenotype. After a continuous exposure to nisin, a higher selective pressure resulted in stable nisin-resistant C. botulinum strains. These Nis r strains were able to grow in broth containing 10 5 IU of nisin per ml. On agar plates, vegetative cells of Nis r strain 169B were not inhibited by nisin at the highest concentration tested (10 4 IU/ml), while its parent strain was inhibited by 7 to 8 log cycles. Moreover, spores produced from both Nis r 56A and Nis r 169B maintained a high level of resistance to nisin, suggesting that the nisin-resistant phenotype is stable. Under phase-contrast microscopy, no morphological differences (e.g., shape or portion of spore population having exosporia, which might adsorb or provide a physical barrier to nisin) were found between wild-type and nisin-resistant spores after crystal violet staining.
In our studies, resistance to nisin conferred cross-resistance to other bacteriocins. This cross-resistance to other bacteriocins is independent of the bacteriocin chemical structure, since bacteriocins grouped in different classes (21) were used. The biological target of nisin action is the cytoplasmic membrane (22, 23, 35) , and changes in the membrane composition have been reported for nisin-resistant L. monocytogenes strains (25, 27) . Since bacteriocins have a common mechanism of action (28) , changes in the membrane composition of nisin-resistant strains may affect the activity of more than one bacteriocin. Thus, the suggestion that preservation systems should include more than one bacteriocin to circumvent the problem of resistance to single bacteriocins (12, 30, 32) does not appear appropriate.
Bacteriocins cannot ensure the microbial safety of foods when used alone. They can instead help reduce harsh treatments and extend the shelf life of products when used in combination with other factors. Further knowledge about the mechanism of nisin resistance may prevent the misapplication of this bacteriocin and guarantee its effectiveness by managing the emergence of nisin-resistant pathogenic and spoilage strains. 
